Pyramiding of Pi46 and Pita to improve blast resistance and to evaluate the resistance effect of the two R genes  by XIAO, Wu-ming et al.
Journal of Integrative Agriculture  2016, 15(10): 2290–2298
RESEARCH  ARTICLE
Available online at www.sciencedirect.com
ScienceDirect
Pyramiding of Pi46 and Pita to improve blast resistance and to 
evaluate the resistance effect of the two R genes
XIAO Wu-ming1, LUO Li-xin1, WANG Hui1, GUO Tao1, LIU Yong-zhu1, ZHOU Ji-yong1, ZHU Xiao-yuan2, 
YANG Qi-yun2, CHEN Zhi-qiang1 
1 National Engineering Research Center of Plant Space Breeding, South China Agricultural University, Guangzhou 510642, 
P.R.China
2 Plant Protection Research Institute, Guangdong Academy of Agricultural Sciences/Guangdong Provincial Key Laboratory of High 
Technology for Plant Protection, Guangzhou 510640, P.R.China
Abstract
Utilization of R (resistance) genes to develop resistant cultivars is an effective strategy to combat against rice blast disease. 
In this study, R genes Pi46 and Pita in a resistant accession H4 were introgressed into an elite restorer line Hang-Hui-179 
(HH179) using the marker-assisted backcross breeding (MABB) procedure.  As a result, three improved lines (e.g., R1791 
carrying Pi46 alone, R1792 carrying Pita alone and R1793 carrying both Pi46 and Pita) were developed.  The three im-
proved lines had significant genetic similarities with the recurrent parent HH179.  Thus, they and HH179 could be recognized 
as near isogenic lines (NILs).  The resistance spectrum of the three improved lines, which was tested at seedling stage, 
reached 91.1, 64.7 and 97.1%, respectively.  This was markedly broader than that of HH179 (23.5%).  Interestingly, R1793 
showed resistance to panicle blast but neither R1791 nor R1792 exhibited resistance at two natural blast nurseries.  The 
results implied that the stacking of Pi46 and Pita resulted in enhanced resistance, which was unachievable by either R 
gene alone.  Further comparison indicated that the three improved lines were similar to HH179 in multiple agronomic traits; 
including plant height, tillers per plant, panicle length, spikelet fertility, and 1 000-grain weight.  Thus, the three improved 
lines with different R genes can be used as new sources of resistance for developing variety.  There is a complementary 
effect between the two R genes Pi46 and Pita.
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1. Introduction
Rice (Oryza sativa L.) is one of the most important staple 
food crops, feeding more than half of the world’s popula-
tion.  China is the largest producer and consumer of rice 
in the world (Wang et al. 2005).  Hybrid rice cultivars can 
normally produce approximately 20% higher yields than 
inbred cultivars because of heterosis or hybrid vigor in the 
first generation (F1) plants (Virmani 1996).  This is well 
known in crop breeding.  Hybrid rice has been successfully 
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commercialized in China since the identification and utili-
zation of several cytoplasmic male-sterile (CMS) wild rice 
accessions in the 1970s.  Currently, more than half of the 
total rice growing area in China is planted with hybrid rice 
cultivars (Peng et al. 2009; Duan et al. 2012).  However, 
only few hybrids that are extensively cultivated on a large 
scale narrow down the genetic diversity and enhance the 
vulnerability to biotic and abiotic stresses.  The situation is 
always evinced by widespread blast disease epidemics, 
because large-scale planting of few hybrid rice cultivars 
favors the spread of virulent races of Magnaporthe oryzae. 
Such a case happened in 2006 when severe seedling and 
neck blasts were reported on approximately 20% of the 
hybrid rice fields in China (Liu et al. 2010).  Blast disease 
incidences are usually frequent and severe in the tropical 
province of Guangdong, China  due to abundant rainfall and 
high temperature during the rice growing season.  One of its 
cities, Leizhou, witnessed more than 1 500 ha of hybrid rice 
being damaged by panicle blast disease in 2008, of which 
over 250 ha was completely yieldless (http://seed.aweb.
com.cn/2008/1208/155631350.shtml).  More than 500 ha of 
hybrid rice in this province was seriously damaged by blast 
disease in 2011 according to the acquired data (data not 
shown).  Therefore, it is imperative to develop new hybrid 
rice cultivars with a broad-spectrum resistance to blast.
Blast disease, which is caused by the M. oryzae fungus, 
is one of the most devastating rice diseases worldwide.  It 
has been estimated that this disease causes 10–30% of yield 
loss in rice each year (Skamnioti and Gurr 2009).  The use 
of resistance cultivars has been considered a cost-effective 
and environmentally benign method to control the disease 
(Zeng et al. 2015).  However, cultivars whose resistance is 
determined by a single gene tend to be overcome mainly 
due to the emergence of virulent races (Bonman et al. 1992; 
Koide et al. 2010).  It has been found that the simultaneous 
presence of multiple major resistance genes can provide 
durable broad-spectrum resistance (Xiao et al. 2015).  This 
examples include Moroberekan and Tetep (each carrying 
at least four R genes (Wang et al. 1994; Chen et al. 1999; 
Barman et al. 2004)), IR64, Sanhuangzhan 2 and Digu 
(each carrying at least three R genes (Sallaud et al. 2003; 
Chen et al. 2004; Liu et al. 2004; Shang et al. 2009)), and 
LAC 23, Gumei 2, Xiangzi 3150 (each carrying at least two 
R genes (Mackill and Bonman 1992; Wu et al. 2005; Huang 
et al. 2011)).  These findings suggest that the combination 
of multiple race-specific R genes should be the strategy to 
develop cultivars with broad-spectrum resistance to blast. 
Thus far, more than 90 blast R genes that confer resistance 
to different races of M. oryzae have been reported.  How-
ever, only a few of these genes have been cloned (Huang 
et al. 2011; Wang et al. 2012; Koide et al. 2013; Xu et al. 
2014; Ramkumar et al. 2015).  Molecular markers that are 
tightly linked to these R genes have been developed and 
are widely used in marker-assisted selection (MAS) for 
transferring R genes in rice breeding programs and for 
improving resistance to blast disease.
In previous studies, we found that rice accession H4 con-
ferred broad-spectrum resistance to blast at both seedling 
and adult stages.  R gene, Pi46, in H4 was fine-mapped on 
the long arm of chromosome 11 using a representative rice 
blast isolate GD0193 (Xiao et al. 2011).  This means that 
R gene Pi46 is specifically resistant to the isolate GD0193. 
Another R gene in H4 was located at a region near the 
centromere of chromosome 12 and was confirmed to be 
Pita using allelic assay, sequence analysis and resistance 
comparison (data not shown).  In this study, we transferred 
Pi46 and Pita to an elite restorer line HH179 using the 
marker-assisted backcross breeding (MABB) and obtained 
three sets of improved lines: (i) only harboring Pi46, (ii) only 
harboring Pita, and (iii) harboring both Pi46 and Pita.  The 
agronomic traits of the selected improved lines with Pi46 
or Pita and both R genes were compared with the recipient 
parent.  The similar genetic background facilitated resistance 
comparison of Pi46 and Pita and also offered an opportunity 
to examine the effect of combining the two R genes.  The 
objectives of this study were (i) to develop improved lines 
with one or two R genes using MABB, and (ii) to evaluate 
the resistance of Pi46, Pita, and their additive effect for the 
use in our breeding programs.  
2. Materials and methods
2.1. Rice materials and the breeding procedure
The recurrent parent, named HH179, is an elite restorer 
line, which has good general combining ability but is highly 
susceptible to blast disease.  H4, an indica rice accession, 
which carries Pi46 (Xiao et al. 2011) and Pita and showes 
broad-spectrum resistance to rice blast disease, was used 
as the donor parent of blast resistance.  A cross was made 
between HH179 and H4 to generate the F1 hybrids during 
the early crop season (early March  to middle July) of 2009 
at Guangzhou, Guangdong Province.  After three backcross 
generations, pedigree selection was followed to obtain the 
target BC3F2 and BC3F3 lines (Fig. 1).
2.2. Molecular marker analysis
Three markers were used for foreground selection of 
Pi46 and Pita.  They are simple sequence repeat (SSR) 
marker RM224 (F: 5´-ATCGATCGATCTTCACGAGG-3´; 
R: 5´-TGCTATAAAAGGCATTCGGG-3´), which is tightly 
linked with Pi46 at ~1.0 cM (Xiao et al. 2011), and two 
dominant Pita-specific markers YL155/YL87 (YL155: 
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5´-AGCAGGTTATAAGCTAGGCC-3´; YL87: 5´-CTACCAA-
CAAGTTCATCAAA-3´) for Pita and YL183/YL87 (YL183: 
5´-AGCAGGTTATAAGCTAGCTAT-3´) for pita (Wang et al. 
2007).  Firstly, we identified the resistant individuals that 
carried Pi46 by inoculating the segregating populations of 
BC1F1, BC2F1, BC3F1 and BC3F2 with an M. oryzae isolate 
GD0193, which was used to identify Pi46 in H4.  Subse-
quently, the selected plants were subjected to genotypic 
assaying using RM224, YL155/YL87 and YL183/YL87 for 
Pi46 and Pita.  For background selection, a total of 120 SSR 
markers, which provided genome-wide coverage, were used 
for a parental polymorphism survey between the donor and 
recurrent parents, and polymorphic markers were used to 
recover the genetic background of HH179.  Genomic DNA 
was extracted from frozen leaf materials using the CTAB 
method (Murray and Thompson 1980) with minor modifica-
tions.  Each 20 μL PCR reaction consisted of 1× PCR buffer 
(10 mmol L–1 Tris, pH 8.4, 50 mmol L–1 KCl, 1.8 mmol L–1 
MgCl2), 0.05 mmol L
–1 dNTPs, 5 pmol of each primer, 1.0 U 
of Taq polymerase, and 50 ng genomic DNA.  All amplifi-
cations were performed using an ABI thermal cycler under 
the following profile: 94°C for 5 min; 35 cycles of 30 s at 
94°C, 30 s at 55°C, and 1 min at 72°C; and an extension of 
5 min at 72°C.  The PCR products for markers YL155/YL87 
and YL183/YL87 were separated using electrophoresis in 
1.0% agarose gel in 0.5× TBE buffer, and the others were 
separated in 8% non-denatured polyacrylamide gel (PAGE) 
in 1.0× TBE buffer followed by silver stains.  
2.3. Evaluation of blast resistance
The three improved lines and two parents, H4 and HH179, 
respectively, were evaluated for their resistance spectrum 
using 34 different isolates of M. oryzae.  These isolates were 
collected from different ecological areas of the Guangdong 
Province, China for many years, and thus were highly di-
verse.  Two-week-old seedlings were spray-inoculated with 
spore suspensions (1×105 spores mL–1) and were cultured 
in a dew growth chamber for 24 h in darkness at 26°C. 
The inoculated seedlings were subsequently transferred 
into a semi-temperature-controlled greenhouse, where the 
temperature and relative humidity were maintained for six 
days at around 24–30°C and 90%, respectively.  Disease 
lesions on the inoculated rice leaves were rated on a scale 
of 0–9, with rating of 0–3 considered as resistant (R) and 
4–9 as susceptible (S) according to the Standard Evaluation 
System for Rice (International Rice Research Institute 1996). 
Meanwhile, the three lines and two parents were sub-
jected to field testing (natural infection) to evaluate panicle 
blast resistance at two natural blast nurseries, Conghua 
(23.57°N, 113.55°E) and Yangjiang (21.50°N, 111.58°E), in 
the Guangdong Province, China during the late crop season 
of 2011 (August to November).  Both nurseries had diverse 
pathogen populations.  Each entry was planted in four 
rows with five hills (3–4 plants per hill) per row at a planting 
density of 20 cm×20 cm.  The variety Co39, which is highly 
susceptible, was planted around each plot as a spreader to 
maintain the pathogen population diversity and to enhance 
natural infection.  Panicle blast resistance was measured 
using the 0–9 scale of the Standard Evaluation System for 
Rice (International Rice Research Institute 1996).
2.4. Assessment of agronomic traits
The recurrent parent and three selected BC3F3 lines were 
grown using a randomized complete block design with 
three replications at the experimental field of South China 
Agricultural University, Guangzhou, during the late crop 
season of 2011.  Each plots consisted of six rows with six 
plants per row at a planting density of 20 cm×20 cm.  Only 
four plants in the middle of the plots were used to measure 
agronomic traits.  The measured traits included the heading 
date (days to 50% flowering), plant height, tillers per plant, 
panicle length, number of grains per panicle, spikelet fertility, 
1 000-grain weight, and yield per plant.
3. Results
3.1. Screening of BC1F1, BC2F1 and BC3F1 generations
In total, we assayed 17 BC1F1 individuals both pathogen-
ically and genotypically.  Additionally, we identified eight 
plants that were resistant to isolate GD0193, which meant 
that they carried Pi46 heterozygously.  Four of these were 
found to harbor Pita using the Pita-specific dominant marker 
YL155/YL87 (Fig. 2).  Therefore, these four plants carried 
both Pi46 and Pita genes in a heterozygous state.  All these 
Marker-assisted selection
and pathogenic assay
HH179×H4
F1×HH179
BC1F1×HH179
BC2F1×HH179
BC
3
F
1×HH179
BC3F2
BC3F3
Fig. 1  Schematic work flow of marker-assisted backcross 
breeding.  
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plants were backcrossed with HH179 to produce the BC2F1 
generation.  Using the same assay for BC1F1 population, 
seven of the 14 BC2F1 individuals were resistant to isolate 
GD0193, and three of the seven were found to also have Pita 
(Fig. 2).  Subsequently, 17 BC3F1 individuals were produced 
from the three BC2F1 plants, which were heterozygous for 
both Pi46 and Pita.  Nine of the 17 BC3F1 progeny conferred 
resistance to the isolate GD0193, and four of the nine car-
ried Pita based on the genotypic assay (Fig. 2).  These four 
plants were self-pollinated to produce the BC3F2 population. 
3.2. Foreground selection for the BC3F2 population
A total of 200 BC3F2 individuals were inoculated with isolate 
GD0193.  Out of these, 155 plants were resistant and the 
other 45 were susceptible.  The ratio of 155:45 was in ac-
cordance with 3:1 segregation according to the Chi-square 
test, χ2=0.54<χ2(0.05,1)=3.84.  Out of 155 resistant plants that 
were screened for Pi46 using the RM224 marker, 102 were 
heterozygous while 49 were homozygous at the locus, 
respectively (Fig. 3).  The other four plants showed the 
same genotype as the recurrent parent without Pi46, which 
disagreed with the resistant phenotype.  This was most likely 
due to ineffective plant inoculation.  The 49 plants that were 
homozygous for Pi46 were further screened for Pita using 
marker YL155/YL87, which can amplify specifically both 
homozygous and heterozygous loci of Pita, as a dominant 
marker (Wang et al. 2007).  As a results, 36 plants were 
found to carry Pita.  These plants accounted for 73.5% of 
the progeny, which was close to the expected ratio of 75.0%. 
The remaining 13 plants were identified as homozygous for 
Pi46 and lacked Pita.  Subsequently, the 36 plants identified 
as having Pita, were assayed with the marker YL183/YL87, 
which produced bands indicating homozygous or heterozy-
gous pita alleles and gave no bands indicating homozygous 
resistant loci because it is a dominant marker specific for the 
susceptible pita allele.  Out of these 36 plants, 23 carried 
the pita allele too (Fig. 3), and thus were heterozygous at 
Pita locus.  The remaining 13 plants, which were null for 
YL183/YL87, were considered to be homozygous for both 
Pita and Pi46.
Meanwhile, the 45 plants that were susceptible to isolate 
A P1 P2 1 2 3 4 5 6 7 8 B P1 P2 9 10 11 12 13 14 15 C P1 P2 16 17 18 19 20
Fig. 2  Detection of Pita in BC1F1 (A), BC2F1 (B) and BC3F1 (C) generations using the Pita-specific dominant marker YL155/YL/87. 
P1 and P2 represented the donor parent H4 and recurrent parent HH179, respectively.  Plants 1–8, 9–15, and 16–20 represented 
the resistant BC1F1, BC2F1 and BC3F1 individuals against isolate GD0193, respectively. 
P1 P221 22 23 24 25 26 27 28 29 30 31 32 33 34 35M
A
B
P1 P221 22 23 24 25 26 27 28 29 30 31 32 33 34 35MC
P1 P2 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 4546 47 48 49 50 51 52 53 54 5521 22 23 24 25 26 27 28 29
Fig. 3  Detection of Pi46, Pita and pita in partial BC3F2 populations using markers RM224 (A), YL155/YL87 (B) and YL183/YL87 
(C).  M, P1, P2 and individuals 21–55 represented marker DL2000, donor parent H4, recurrent parent HH179 and resistant plants 
against isolate GD0193, respectively. 
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GD0193, and thus lacking Pi46, were genotyped using 
YL155/YL87, then followed by YL183/YL87.  The marker 
YL155/YL87 was amplified in 33 plants, and the remaining 
12 plants only amplified the marker YL183/YL87.  Among the 
33 plants from the marker YL155/YL87, 21 also amplified the 
marker YL183/YL87.  Based on these results, 12 plants were 
homozygous for only Pita, 21 were heterozygous for Pita and 
12 were homozygous for pita.  This fits the 1:2:1 segregation 
ratio according to the Chi-square test, χ2=0.08<χ2(0.05,2)=5.99. 
To summarize, we obtained three sets of BC3F2 individuals: 
13 plants with Pi46 only (designated as set “A”); 12 plants 
with Pita only (designated as set “B”); and 13 plants carrying 
both Pi46 and Pita (designated as set “C”).
3.3. Background selection for the target BC3F2 indi-
viduals
After genotyping was performed, to evaluate agronomic 
performance, three sets of BC3F2 individuals were coded 
and planted side by side with the recurrent parent at density 
of 20 cm×20 cm.  Three plants were selected from each set 
for use in genetic background analysis before harvesting. 
The plants were chosen based on their closest phenotypic 
resemblance to the recurrent parent.  This work was deter-
mined by a panel of four experienced experts in rice breed-
ing.  Among the 120 SSR markers surveyed, 26 showed 
polymorphism between the two parents, which resulted in a 
relatively low polymorphic frequency of 21.6%.  The recovery 
percentages of the recurrent genome of the three selected 
individuals from set A were 92.31, 96.15 and 100.00%, 
respectively, and those from set B were 92.31, 96.15 and 
96.15%, respectively.  Whereas, the recovery percentages 
of the three selected plants from set C were 92.31, 92.31 
and 96.15%, respectively.  The average recovery percentage 
was 94.87%.  The plants with the highest recovery ratios 
of recurrent genome in sets A and C were named R1791 
(Pi46) and R1793 (Pi46+Pita), respectively.  The one with 
a higher yield in the two plants with the highest recovery 
ratio in set B was named R1792 (Pita).  These three plants 
were selfed to generate BC3F3 lines for further studies. 
The very high proportions of recurrent parent backgrounds 
suggested that R1791, R1792, R1793 and HH179 should 
be treated as NILs.  
3.4. Blast resistance of the improved NILs
A total of 34 different M. oryzae isolates were used to evalu-
ate the blast resistance of NILs and to compare it with the do-
nor parent at the seedling stage.  Similar genetic background 
of NILs made it easier to detect the resistance of Pi46, Pita 
and their combined effect.  The results showed that the 
resistance spectra of R1791, R1792 and R1793 were 91.1, 
64.7 and 97.1%, respectively, and were significantly above 
the recurrent parent, 23.5%, which had a relatively narrow 
resistance spectrum (Table 1).  These three NILs increased 
the resistance spectra by 67.6, 41.2 and 73.6%, respectively, 
over the recurrent parent.  In other words, they conditioned 
resistance to 23, 14 and 25 more M. oryzae isolates than 
HH179, respectively.  The resistance spectrum of R1791 
(Pi46) increased by 26.4% over R1792 (Pita), which indi-
cated that Pi46 conferred resistance to more isolates than 
Pita.  Though some compatible isolates could infect single 
Table 1  Resistance reactions of the two parents and three improved lines and the respective resistance spectrum1)
Isolate
Line
Isolate
Line
H4 HH179 R1791 R1792 R1793 H4 HH179 R1791 R1792 R1793
GD93286 R S R S R GD08950 R S R S R
GD98288 R S R S R GD08758 R S R S R
GD0193 R S R S R GD08T4 R S S R R
GD0526 R R R R R GD0983 R S R R R
GD05432 R S R R R GD09305 R R R R R
GD05513 R S R R R GD09103 R S R R R
GD05605 R S R R R GD09109 R R R R R
GD0618 R S R S R GD09322 R S R R R
GD0641 R S R S R GD10213 R S R R R
GD06311 R R R R R GD10359 R S S R R
GD06312 R S R R R GD10402 R S R S R
GD06555 R R R R R GD10424 R S R S R
GD07116 R S R R R GD10462 R R R R R
GD07127 R S R S R GD10560 R S R R R
GD07157 R R R R R GD10649 R S R S R
GD07172 R S S S S GD10719 R R R R R
GD08866 R S R R R GD10753 R S R R R
  Resistance spectrum (%)2) 100 23.5 91.1 64.7 97.1
1) Reactions were scored according to the system devised by IRRI (1996).
2) Resistance spectrum was calculated from the ratio of the number of incompatible isolates and the total number of tested isolates.
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genes, they failed to attack the pyramided line, indicating 
that the two non-allelic genes had a complementary effect 
when present together.  For example, isolates GD08T4 
and GD10359 were virulent to R1791 (Pi46), and isolates 
GD93286, GD98288 and GD0193 were virulent to R1792 
(Pita) (Table 1).  However, they became avirulent to R1793 
(Pi46+Pita), which was a combination of the two R genes. 
The donor parent, H4, conferred a full-spectrum resistance, 
indicating that it was resistant to more isolates than the three 
improved lines with Pi46 or Pita or both.
The overall disease response of R1793 (Pi46+Pita) was 
much better than that of R1791 or R1792 at both the seedling 
and adult stages at the two locations.  It is also interesting to 
note that R1793 exhibited a higher resistance to panicle blast 
at both nurseries.  However, no such consistent resistance 
was observed for R1791 or R1793 (Table 2).  The panicle 
resistance due to R1793 could be explained by the com-
plementary effect of the two R genes.  Inconsistent disease 
responses at the two nurseries were observed.  For example, 
R1792 succumbed to panicle blast disease at both locations 
like the recurrent parent, but its rating at the Yangjiang nursery 
was lower than HH179.  All three improved lines performed 
better at the Yangjiang nursery than at the Conghua nursery 
in term of disease response.  This indicated that there prob-
ably existed more virulent races at the Conghua nursery or 
that conditions at the Conghua nursery were preferable to 
susceptibility.  Despite the blast resistance improvement, 
none of the improved lines displayed the same level of panicle 
blast resistance as the donor parent, H4, which was highly 
resistant at both locations.
3.5. Comparison of the agronomic performance
The differences in agronomic performance of NILs were 
marginal (Table 3), except for the heading date of R1792 
and R1793, which was significantly different.  In addition, 
the three improved lines had slightly lower plant height and 
panicle length.  The improved line R1792 had the most 
tillers per plant, grains per panicle and the highest yield 
per plant.  Even though the improved line R1791 had the 
fewest grains per panicle, it did not show the lowest yield per 
plant.  R1793 with the lowest number of tillers per plant had 
the lowest yield per plant, which indicated that tillers could 
be a critical factor affecting yield.  The small differences in 
agronomic traits between the resistant versions and their 
recurrent parent confirmed the similar genetic background.
4. Discussion
MAS has been advocated as a highly efficient breeding 
method because it allows to select the target gene rap-
idly and accurately (Tanksley et al. 1989).  MABB, which 
includes two steps ((i) MAS for the target gene(s), known 
as foreground selection and (ii) MAS for recovery of the 
recurrent parent genome, known as background selection 
(Hospital et al. 1992)), is the most effective way of intro-
gressing specific gene(s) into an elite line to breed new 
lines that have the desired donor allele(s) but otherwise 
look identical to the recurrent parent (Basavaraj et al. 2010). 
Conventional breeding for disease resistance is laborious, 
time-consuming and highly dependent on environmental 
conditions.  Combining several genes and monitoring their 
presence is difficult using conventional methods because 
of their epistatic effects.  MAS is extremely powerful in blast 
resistance breeding because resistance phenotypes are 
often controlled by single or few genes (Miah et al. 2013). 
In rice, the feasibility of MAS to transfer blast R genes into 
breeding lines has been well documented (Hittalmani et al. 
2000; Jia and Moldenhauer 2010; Koide et al. 2010; Singh 
Table 2  Panicle blast resistance of HH179, H4 and the three 
improved lines
Line
Location1)
Conghua Yangjiang
R1791 (Pi46) 5 3
R1792 (Pita) 9 7
R1793 (Pi46+Pita) 3 1
HH179 9 9
H4 0 0
1) The ratings of panicle blast disease.  0, no incidence of infected 
panicles, highly resistant; 1, incidence of severely infected 
panicles less than 5%, resistant; 3, 5.1–10% of severely 
infected panicles, moderately resistant; 5, 10.1–25% of severely 
infected panicles, moderately susceptible; 7, 25.1–50% of 
severely infected panicles, susceptible; 9, more than 50% of 
severely infected panicles, highly susceptible.
Table 3  Comparison of the agronomic traits between the two parents and the three improved lines  
Lines Headingdate
Plant height 
(cm) 
Tillers/
 Plant
Panicle
length (cm)
Grains/
Panicle
Spikelet fertility 
(%)
1 000-grain 
weight (g)
Yield/
Plant (g)
H4 73.6±0.7 a 105.7±0.5 10.6±0.8 26.2±1.8 a 142.9±9.7 90.3±2.8 18.9±0.8 a 28.7±3.0
HH179 75.7±0.5 105.0±1.1 9.6±1.1 23.8±0.9 142.3±5.0 89.9±3.1 21.9±0.4 29.6±2.5
R1791 75.2±0.8 104.6±1.2 9.7±1.2 23.5±1.4 139.4±6.8 90.0±3.0 22.1±0.7 28.8±2.8
R1792 74.8±0.6 b 104.4±1.4 10.0±0.7 22.9±1.5 145.3±7.8 88.9±2.3 21.5±0.5 31.1±1.5
R1793 75.1±0.7 b 104.0±1.1 9.1±0.8 23.2±0.8 140.1±11.4 89.3±3.3 22.1±0.2 27.7±2.1
Data were showed as averages±SD.  The variance of the measurement was significantly different from the recurrent parent at the 0.05 
probability levels.  t-test was used to reveal the difference between those lines.
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et al. 2012, 2015; Divya et al. 2014; Jiang et al. 2015).
The distance between the closest marker and the target 
gene influences the accuracy of MAS.  In this study, the 
region spanning Pi46 belongs to the cross-cold region, 
and the marker RM224 linked with the R gene at ~1.0 cM 
is close enough for use in MAS for Pi46.  To guarantee the 
accuracy, we firstly phenotyped the segregating populations 
by inoculating the corresponding avirulent isolate GD0193. 
Then, the resistant plants were subjected to genotypic assay 
using marker RM224.  Regarding Pita, both markers YL155/
YL87 and YL183/YL87 belong to the functional marker, and 
there is no doubt about the accuracy of MAS.  However, both 
markers are dominant, they cannot discriminate homozygous 
genotypes from heterozygous ones.  Thus, we detected the 
same individuals using one marker, and then followed with 
the other to identify homozygous Pita and pita individuals. 
The R gene Pi46 was mapped on the same region where 
Pikm, Pikp, Pikh, Pik and Pi1 were reported (Ashikawa 
et al. 2008, 2012; Yuan et al. 2011; Hua et al. 2012).  Using 
sequencing and blast analysis, we determined that Pi46 had 
significant similarities with the other alleles in Pik locus in the 
corresponding DNA sequence.  Several SNPs in their DNA 
sequences that could give rise to different amino acids in their 
encoded proteins means that Pi46 is a distinguished allele 
(data not shown).  Whether they provid a uniform resistance 
reactions to various races of M. oryzae or not are unclear 
due to the lack of corresponding NILs of these R genes with 
identical backgrounds.  The allele Pi1 was reported to govern 
resistance against a wide range of M. oryzae races and was 
widely utilized widely to develop resistant cultivars (Hittalmani 
et al. 2000; Jiang et al. 2012; Divya et al. 2014).  Similarly, 
Pi46 was proved to confer resistance to various M. oryzae 
races that were collected from different ecological areas of 
Guangdong Province (Xiao et al. 2011).  In this study, the 
resistance spectrum of R1791 (Pi46) reached 91.1% com-
pared with 23.5% of the recurrent parent, which confirmed 
the wide-spectrum resistance of Pi46.  
Pita is a major gene that exists in a single-copy form 
on chromosome 12.  It was characterized using a map-
based cloning strategy (Bryan et al. 2000).  Because the 
gene provides broad-spectrum resistance against different 
blast isolates, it is used to control blast disease worldwide. 
Moreover, it is one of the most common genes used in 
blast gene pyramiding programs and allele mining studies 
(Hittalmani et al. 2000; Jia et al. 2003; Ramkumar et al. 
2015).  In this study, it was introgressed into HH179 using 
MABB.  The improved line R1792 (Pita) was found to show 
medium-spectrum resistance to tested isolates and sus-
ceptible phenotype of panicle blast at the two nurseries.  Its 
mediocre resistance may be attributed to the isolates, which 
seemed unfavorable to Pita.  Additionally, it was deduced 
that the frequency of isolates virulent to Pita was higher than 
that of isolates compatible with Pi46 at the two locations. 
These results reminded us of rational utilization of blast R 
genes in the improvement of rice cultivars.  The moderate 
resistance of R1793 at the Conghua nursery implied that 
there were races that were compatible with Pi46, Pita and 
their combination.  If those races became prevalent, the 
combination of Pi46+Pita would not work well anymore.  In 
this situation, different R gene(s) was (were) required to 
sustain the resistance.  The apparent absence of isolates 
that were compatible with the donor parent H4 in the field 
indicated that there was (were) other R gene(s) or QTLs in 
H4, and the combining effects of them with Pi46 and Pita 
enhanced the resistance of H4 to a wider range of M. oryzae 
isolates.  The identification of unknown R gene(s) or QTLs 
in H4 and the development of the linked markers will help to 
transfer the broad-spectrum resistance to other elite lines.
The reports indicated that it was an effective method for 
enhancing blast resistance at both the seedling and adult 
stages by pyramiding different R genes (Hittalmani et al. 
2000; Singh et al. 2012, 2015; Divya et al. 2014).  In this 
study, both R1791 and R1792 showed a narrow resistance 
spectrum during the seedling stage and did not exhibit panicle 
resistance during the adult stage.  This was possibly attributed 
to each of the two genes only conferring resistance against a 
different range of M. oryzae isolates.  Whereas, they together 
could confer resistance to a wider range of M. oryzae isolates, 
which included those that existed in two natural nurseries 
when they were pyramided.  It was the addictive effect that 
resulted in a broader resistance spectrum and panicle blast 
resistance of R1793.  However, the authentic panicle blast 
resistance depended on the results in the field because of the 
rapid changes that occurred in the virulence characteristics of 
M. oryzae populations.  The studies that test the durability of 
the resistance of R1793 and H4 and their applicability are in 
progress.  To develop resistant hybrid rice cultivars, the three 
improved lines can be crossed with sterile lines with other 
R genes such as Pi2, Pi5, Pi9 or Pib.  The monogenic and 
bigenic lines we developed here could also be useful parental 
materials for integrating the major gene(s) into cultivars having 
partial blast resistance to further enhance resistance in rice 
breeding programs.
To keep the good combing ability of the recipient parent 
HH179, we used the limited backcross method followed 
by MAS for background recovery.  Considering the low 
polymorphism between the donor and recipient parents, 
we emphasized phenotype selection that was performed 
by four experienced experts in rice breeding.  Besides, the 
improved lines were planted adjacently with the recipient 
parent to facilitate the appearance comparison.  The results 
indicated that the three improved lines were similar to HH17 
in several main agronomic traits.  As expected, the three 
improved lines really yielded vigorous F1 hybrids just like 
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their recurrent parent (data not shown).  Their application 
for developing new varieties is in progress.
5. Conclusion
In this study, we successfully integrated Pi46 and Pita 
from the donor parent into HH179, using MABB in three 
generations of backcrossing followed by two generations of 
selfing, and developed monogenic and digenic lines.  Three 
NILs, R1791 (Pi46), R1792 (Pita) and R1793 (Pi46+Pita) 
were developed.  The improved versions, which were highly 
monomorphic with the recurrent parent in the genome level, 
showed good uniformity in other non-resistance agronomic 
traits.  The pyramided line, R1793, exhibited a broader 
resistance spectrum during the seedling stage and also 
improved resistance to panicle blast during the adult stage. 
The results implied a complementary effect between the two 
R genes.  Further comparison indicated that these three 
improved lines shared very similar genetic background 
and agronomic phenotypes to the recurrent parent.  The 
improved NILs could be utilized in rice breeding programs.
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